Phagosomes employ lytic enzymes, cationic peptides, and reactive oxygen intermediates to eliminate invading microorganisms. The effectiveness of these microbicidal mechanisms is potentiated by the acidic pH created by H ؉ -pumping vacuolar-type ATPases (VATPases) on the phagosomal membrane. The degree of phagosomal acidification varies greatly among neutrophils, macrophages, and dendritic cells and can be affected by diseases like cystic fibrosis. The determinants of phagosomal pH are not completely understood, but the permeability to ions that neutralize the electrogenic effect of the V-ATPase has been proposed to play a central role. When counterion conductance is limiting, generation of a large membrane potential will dominate the proton-motive force (pmf), with a proportionally diminished pH gradient. Validation of this notion requires direct measurement of the electrical potential that develops across the phagosomal membrane (⌿ ⌽). We describe a noninvasive procedure to estimate ⌿ ⌽ in intact cells, based on fluorescence resonance energy transfer. This approach, in combination with measurements of phagosomal pH, enabled us to calculate the pmf across phagosomes of murine macrophages and to analyze the factors that limit acidification. At steady state, ⌿⌽ averaged 27 mV (lumen positive) and was only partially dissipated by inhibition of the V-ATPase with concanamycin A. The comparatively small contribution of the potential to the pmf suggests that proton pumping is not limited by the counterion permeability, a notion that was validated independently by using ionophores. Instead, phagosomal pH stabilizes when the rate of proton pumping, which decreases gradually as the lumen acidifies, is matched by the passive leak of proton equivalents.
macrophage ͉ membrane potential ͉ pH ͉ phagosome ͉ ratiometric imaging I nternalization of pathogens by macrophages, dendritic cells, and neutrophils is an essential component of the innate immune response. Invading microorganisms are trapped in a membrane-bound vacuole, the phagosome, where they are subsequently eliminated. Phagosomes acquire microbicidal properties gradually, through a series of fusion reactions collectively known as maturation. A progressive and ultimately profound acidification of the lumen is a distinctive and important feature of phagosomal maturation. The luminal pH attains values Ͻ5.5 (1, 2) by a process that depends on vacuolar-type ATPases (V-ATPases) (3) . In addition to directly affecting bacterial growth, phagosomal acidification is important for the optimal activity of multiple microbicidal components, including degradative enzymes and the generation of several reactive oxygen intermediates.
Whereas V-ATPases are known to be involved in acidification, the determinants of the phagosomal pH are not well understood. V-ATPases are present in both neutrophils and macrophages, yet only the latter display a rapid and profound phagosomal acidification, whereas neutrophil phagosomes initially alkalinize and generate only a modest subsequent acidification (1, 4) . It has been suggested that H ϩ consumption by products of the NADPH oxidase accounts for this differential behavior (4) , but other factors may be involved. Specifically, because the V-ATPase is electrogenic (5), differences in the rate and/or extent of acidification could be caused by variations in the counterion permeability of the phagosomal membrane. Indeed, a recent report (6) noted that, in macrophages from CFTR-null mice, phagosomes are less acidic and attributed this difference to reduced chloride (counterion) conductance.
If the counterion conductance is limiting, V-ATPases would be unable to generate a sizable proton concentration gradient and a larger fraction of the proton-motive force generated by ATP hydrolysis would instead be devoted to the generation of a transmembrane electrical potential (positive inside). Accordingly, a gradual shift in the balance between the electrical and chemical components of the proton-motive force (pmf ) has been suggested as (one of) the mechanisms to account for the progressive acidification of the endocytic and secretory pathways. An increasing abundance of counterion channels (or other conductive entities) could explain why lysosomes are more acidic than early endosomes, despite the fact that both organelles are endowed with V-ATPases. Alternatively, differential expression of H ϩ ''leaks'' may be responsible. Differentiation between these models and a more complete understanding of the determinants of organellar acidification require a precise quantitation of the components of the pmf. Reliable methods for in situ determination of the pH of phagosomes and other endocytic organelles have been available for over a decade (7, 8) . By contrast, it has been virtually impossible to measure the electrical potential across the membrane of endocytic organelles. Here, we present a method based on FRET to measure the potential generated across the phagosome membrane in live macrophages. Data from such experiments enabled us to derive information regarding the ionic permeability of phagosomes and to generate a more quantitative description of the proton-motive profile of this organelle.
Results and Discussion
The small size and inaccessibility of endocytic organelles precludes their analysis by conventional electrophysiological means.
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To circumvent these limitations, we used a potentiometric fluorescent dye. Such probes are membrane-permeant and can access endocytic compartments. However, the high density and variety of endomembrane organelles makes it impossible to isolate the contribution of endosomes, lysosomes or even larger organelles like phagosomes. It is therefore imperative to circumscribe the measurement to the organelle of interest. To this end, we devised a microscopy-based approach, using FRET between an organelle-specific donor and a membrane potential-sensitive acceptor dye. As resonance energy transfer requires close (Յ10 nm) proximity between donor and acceptor, targeting one of the FRET partners to the phagosome restricts the measurements to this organelle.
The potential-sensitive probe bis-(1,3-dibutylbarbituric acid) pentamethine oxonol, known as DiBAC 4 (5), was used to measure phagosomal potential. This lipid-soluble anionic dye partitions across membranes in accordance to their transmembrane potential. As a donor for FRET, we covalently labeled phagocytic particles with 7-diethylaminocoumarin-3-carboxylic acid (DACCA). This reaction was accomplished by incubating sheep red blood cells (sRBC) with the succinimidyl ester derivative of DACCA, thereby forming stable carboxamide bonds (Fig. 1A) . As shown in Fig. 1 C and D, the abundance of reactive amino groups on sRBC made particle labeling intense and homogeneous.
The excitation (solid lines) and emission spectra (dotted lines) of the labeled particles (DACCA:sRBC) and of DiBAC 4 (5) are shown in Fig. 1B . The bandwidths used to measure FRET are also indicated. Of note are the considerable overlap between the donor emission and acceptor excitation spectra, predicting robust energy transfer, and the large (Ϸ250 nm) Stokes shift between excitation and sensitized-FRET emission, which minimizes bleed-through of donor emission. Importantly, the fluorescence of both DiBAC 4 (5) and DACCA:sRBC is nearly pHinsensitive over a range of pH (4.5 to 7.5), which encompasses the conditions encountered by the particles within phagosomes [supporting information (SI) Fig. 5A ].
When a suspension of DACCA:sRBC was titrated with increasing amounts of DiBAC 4 (5), a decrease in emission of the donor along with a corresponding increase in emission of the acceptor was observed (SI Fig. 5B ), indicating that the f luorophores undergo FRET. Similarly, when labeled sRBC were v isualized microscopically and incubated w ith DiBAC 4 (5), a FRET signal was readily detectable. The emission detected in the FRET channel and corrected for any bleed-through (cFRET) is shown in Fig. 1C Inset. As expected, f luorescence in the FRET channel was negligible when either the donor (Fig. 1D Inset) or acceptor alone (not shown) were present.
Having confirmed the effectiveness of the FRET pair, we proceeded to measure phagosomal membrane potential (⌿ ⌽ ). Cultured murine macrophages of the RAW264.7 line (hereafter referred to as RAW cells) were allowed to internalize either DACCA-labeled or unlabeled IgG-opsonized sRBC for 5 min. After removing excess particles, any adherent (not internalized) sRBC were hypotonically lysed and the formed phagosomes then left to mature for 15 min. Before imaging, 250 nM DiBAC 4 (5) was added to the medium and allowed to equilibrate across cellular membranes. The oxonol could be seen throughout the macrophage ( Fig. 2 B and E) , but the signal emanating from phagosomes was difficult to discern. However, in macrophages that ingested DACCA:sRBC, a cFRET signal was clearly detectable and restricted to the phagosome (compare Fig. 2 C and  F) . Note that the intensity of the cFRET signal varies between phagosomes even within the same macrophage, indicating an inherent heterogeneity.
Because the amount of DACCA associated with the labeled sRBC is fixed and virtually constant, the cFRET signal will vary primarily as a function of the concentration of DiBAC 4 (5) in their immediate vicinity. Therefore cFRET fluorescence is, in fact, an indirect measure of ⌿ ⌽. We devised a calibration procedure to deduce the magnitude of ⌿ ⌽ from the cFRET intensity. The rationale applied to the calibrations is illustrated schematically in Fig. 3A . We envisage the system as consisting of three compartments: (compartment 1) the extracellular medium, (compartment 2) the cytosol, and (compartment 3) the intraphagosomal (luminal) compartment, separated by two membranes. An electrical potential difference (⌿ PM ) is known to exist across the plasma membrane, which separates compartments 1 and 2, whereas a distinct potential (⌿ ⌽ ) is presumed to exist across the phagosomal membrane. The concentration of the oxonol in each of the compartments will be dictated by these two potentials, which are in series. Specifically, for a given extracellular concentration of oxonol (C 1 ), the free cytosolic concentration (C 2 ) at equilibrium is strictly a function of ⌿ PM . In turn, the free intraphagosomal concentration (C 3 ) will be a function of both C 2 and ⌿ ⌽. Assuming that the free oxonol partitions across the membranes according to the Nernst equation, the relationships between the five variables can be explicitly described by the equations 
ϪzF⌿ PM RT ͪ and
where R, T, and F are the gas constant, temperature in degrees kelvin, and Faraday's constant, respectively, and z ϭ Ϫ1, the charge of DiBAC 4 (5). Therefore, ⌿ ⌽ can be calculated if the values of C 2 and C 3 are defined. The value of C 3 was determined by an external calibration, performed by measuring the cFRET intensity recorded from free DACCA:sRBC while titrating with increasing amounts of DiBAC 4 (5) in vitro, i.e., in the absence of RAW cells. The resulting calibration curve was then used to calculate the intraphagosomal DiBAC 4 (5) concentration from the phagosomal cFRET signal recorded in any given phagocytosis experiment. Fig. 3B presents the calibration curve obtained by averaging 14 individual external titration experiments. The dotted line represents the logarithmic least-squares best-fit (R 2 ϭ 0.991) used to interpolate C 3 from measured cFRET values. C 2 can be computed knowing C 1 and ⌿ PM . The former is equal to the amount of oxonol added to the bathing medium. ⌿ PM was determined empirically by two separate methods (Fig. 3C ). First, we measured ⌿ PM electrophysiologically, patching macrophages in the cell-attached configuration and recording in the currentclamp mode (9) . These measurements yielded an average potential of Ϫ69.1 Ϯ 3.7 mV (n ϭ 10 cells; Fig. 2C ). Secondly, we used DiBAC 4 (5) and a cation ionophore calibration procedure (2) to estimate ⌿ PM fluorimetrically (a representative calibration curve is shown in SI Fig. 6 ). The potential estimated by this method averaged Ϫ69.7 Ϯ 5.7 mV (n ϭ 10 experiments; Fig. 2C ).
These measurements are not only in good agreement with each other, but also with earlier determinations of RAW macrophage membrane potential (10) .
Using these parameters, we proceeded to estimate ⌿ ⌽. Two different extracellular DiBAC 4 (5) concentrations (C 1 ϭ 125 and 250 nM) were used to minimize possible confounding effects caused by dye depletion -because of binding at low concentrations -or by toxic effects or reduced signal-to-noise ratio caused by excess free dye. Using the external calibration curve in Fig. 3B , we calculated a ⌿ ⌽ of ϩ27.2 Ϯ 5.1 mV (lumen relative to the cytoplasm) when using 125 nM dye (n ϭ 8 experiments) and ϩ27.8 Ϯ 2.0 mV (n ϭ 24) when using 250 nM (Fig. 3D) . Similar (10-20 mV) inside-positive potentials were proposed to exist in endosomes, based on measurements of chloride concentration and on the assumption that the conductance to this anion is predominant (11) .
As the V-ATPase, the primary contributor to phagosome acidification (3) , is an electrogenic pump, we assessed its contribution to ⌿ ⌽. Proton pumping was arrested by addition of the specific inhibitor concanamycin A, while monitoring the potential. Inhibition of the V-ATPase decreased the voltage by nearly 50%, to ϩ10.7 Ϯ 1.4 mV (n ϭ 5) when measured by using 125 nM DiBAC 4 (5) and to ϩ17.1 Ϯ 4.7 mV (n ϭ 6) when using 250 nM (Fig. 2D) , implicating the V-ATPase as a major determinant of ⌿ ⌽. Nevertheless, the potential across the phagosomal membrane was not entirely dissipated despite complete inhibition of the V-ATPase, implying the existence of other contributing processes.
A diffusion potential generated by an inwardly directed K ϩ gradient could in principle account for the residual phagosomal voltage. In the macrophages used in this study the intracellular (largely cytosolic) [K ϩ ] averaged 136 Ϯ 11 mM (mean Ϯ SE of four experiments), as measured by flame photometry (see SI Fig.  6 ). The intraphagosomal [K ϩ ], however, has not been definitively established. Measurements in neutrophils using the electronprobe x-ray microanalysis estimated a K ϩ content of Ϸ300 mM (12) . Although the authors of this report assumed that most of the K ϩ was free, this assumption is contentious, because it implies that the intraphagosomal osmolarity would greatly exceed that of the cytosol. To obtain an independent estimate of the free phagosomal [K ϩ ] we used a null-point titration method based on the use of an electroneutral K ϩ /H ϩ exchanging ionophore (see SI Fig. 7 for details) . These determinations yielded a free [K ϩ ] of Ϸ20 mM. The direction and magnitude of the cytosol to lumen K ϩ gradient are therefore sufficient to account for (or contribute to) the electrical potential difference that remains after inhibition of electrogenic proton pumping. Confirmation of the presence of a K ϩ -conductive pathway must await direct measurement by electrophysiological means.
Whereas the contribution of the proton pump to the transmembrane voltage is comparatively modest (Ϸ14 mV) in the steady state, it is anticipated to be larger at earlier stages of acidification. This prediction stems from the observation that the rate of acidification recorded immediately after phagosome sealing (SI Fig. 8 ) is much greater than the initial rate of proton leakage unmasked by concanamycin in the steady state (Fig. 4D) , which is in turn equivalent to the pumping rate at that stage. This reduction in the turnover of the V-ATPase is caused, at least in part, by the progressive build-up of a pmf across the phagosomal membrane, which opposes the ATP-driven translocation of protons. Allosteric inhibition by luminal H ϩ may also contribute to the slowdown. Regardless of the mechanism, we were able to demonstrate an increased contribution of the V-ATPase to the membrane potential by clamping the phagosomal pH at a level above the normal steady state using NH 3 , a membrane-permeant weak base. Addition of 10 mM NH 4 Cl, which is in equilibrium with 90 M NH 3 at the pH used, leads to a rapid and sustained elevation of the phagosomal pH (not shown). This alkalinization was accompanied by an increase in the phagosomal membrane potential to a value of ϩ59.1 Ϯ 3.3 mV (n ϭ 12) relative to the cytoplasm ( Table 1 ). The hyperpolarization was eliminated by concanamycin A, reflecting increased V-ATPase activity (Table 1) . Therefore, the phagosomal membrane potential is likely to vary during the course of phagosomal maturation, being maximal at the earliest stages and declining as the pumping rate is reduced by the luminal acidification.
By combining the phagosomal voltage recordings with independent measurements of the transmembrane pH gradient we were able to estimate directly the pmf across the phagosomal membrane. Measurements of the pmf can then be applied to better formulate the energetics of the V-ATPase. Determinations of the luminal pH were made by using sRBC covalently labeled with a pH-sensitive fluorescent dye (Fig. 4 A and B) . As reported earlier (1-3), we found that phagosomal acidification commences shortly after sealing and within minutes reaches a steady value that is sustained for an extended period (SI Fig. 8 ).
In 37 determinations performed 15-25 min after particle ingestion the phagosomal pH averaged 5.22 Ϯ 0.03. In parallel, we also determined the cytosolic pH using SNARF-5F. These measurements yielded a pH of 7.37 Ϯ 0.03 (n ϭ 7 experiments, each measuring Ն40 cells) for the cytosol of RAW cells and therefore a ⌬pH of 2.15 pH units across the phagosomal Fig. 4 . Energetics of the V-ATPase. FITC-labeled sRBC (A) added to RAW cells as phagocytic prey (Inset) were used for phagosomal pH measurements. Phagocytosis was allowed to proceed for 5 min, followed by a 15-min maturation period before ratiometric imaging. After acquisition of experimental data, an in situ calibration was performed. A representative calibration curve is shown in B. An average baseline luminal pH of 5.22 Ϯ 0.03 (n ϭ 37 experiments) was measured. (C) Typical pH profile of an individual phagosome. After acquisition of the baseline pH, concanamycin A was added to inhibit the V-ATPase, and the increase in pH was monitored. NH 4Cl (2 mM) was added to transiently alkalinize the phagosome to compute the buffering power, followed by in situ calibration. (D) Phagosomes were allowed to form and reach a steady-state pH. Next, where indicated by the arrow, the V-ATPase was inhibited by addition of 1 M concanamycin A and FCCP was added at the specified concentration, as recording continued. membrane. From these measurements, the pmf across the phagosomal membrane was calculated to reach 15.4 kJ/mol at steady state (15-25 min after particle ingestion), 2.7 kJ/mol of which is contributed by the electrical component. Our calculations of the pmf enabled us to assess whether the proton pump is at or near electrochemical equilibrium when the phagosomal pH reaches a steady value. The maximum pmf that can be generated by the V-ATPase can be calculated from the free energy of ATP hydrolysis, which under the conditions prevailing in the cytosol approximates 58 kJ/mol (13) . At large pH gradients it is assumed that the enzyme complex translocates approximately two protons for every ATP hydrolyzed (14, 15) , in which case the pmf cannot exceed 29 kJ/mol. This value is nearly twice as large as the pmf we determined experimentally, implying that the coupling of the overall process is imperfect. This imperfect coupling could result from incomplete efficiency of the pumping reaction (i.e., some of the energy of ATP may be dissipated as heat during the pumping cycle) and/or from the presence of a significant H ϩ (equivalent) leak at steady state, in which case the V-ATPase would not attain electrochemical equilibrium. The latter possibility was addressed pharmacologically. As shown in Fig. 4C , blocking the V-ATPase with concanamycin A while monitoring the luminal pH caused a slow yet reproducible alkalinization, indicative of an ongoing H ϩ leak. Together, these observations indicate that the phagosomal pH is not at thermodynamic equilibrium but in a steady state dictated by endogenous H ϩ (equivalent) leak pathways, as others had concluded earlier (2) .
For pH to be invariant, the magnitude of the leak flux must be identical to the rate of pumping. We were therefore able to gain further insight into the properties of the phagosomal V-ATPase by more precisely quantifying the leak in the steady state. The leak flux was calculated as the product of the rate of pH change times the phagosomal buffering power, which was determined to be 113.8 Ϯ 4.6 mM/pH (n ϭ 26) by pulsing with weak electrolytes as described (16) . This large value is likely attributable to the high protein (mostly hemoglobin) concentration of the red cells used as phagocytic targets. Assuming an average phagosomal diameter of 4 m, we calculate the leak flux to be 1.92 ϫ 10 Ϫ10 moles/cm 2 per min. At steady state, the V-ATPase must therefore be pumping a H ϩ flux of identical magnitude in the opposite direction. Because the pump is electrogenic, this flux is equivalent to a current of 3.09 ϫ 10 Ϫ3 pA/m 2 . By combining these measurements of pump current with earlier determinations of the turnover rate of the V-ATPase we can estimate the number of active V-ATPases in the phagosome. Phagosomes formed by ingestion of sRBC were calculated to contain 2300 V-ATPases. This calculation assumes a turnover rate of Ϸ200 ATP/s (M. Forgac, personal communication) and a stoichiometry of 2H ϩ per ATP (15) , and likely provides a lower limit estimate of phagosomal V-ATPase density.
Although measurable, the contribution of ⌿ ⌽ to the phagosomal pmf is comparatively small (2.7 kJ/mol of 15.4 kJ/mol). This observation suggests the existence of a sizable counterion conductance. To test this notion experimentally, we estimated the counterion permeability indirectly by measuring the rate of dissipation of the phagosomal pH gradient. As shown in Fig. 4 C and D, the spontaneous rate of alkalinization after addition of concanamycin is slow. Addition of the conductive protonophore carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) markedly accelerated the alkalinization in a concentrationdependent manner (Fig. 4 D and E) , implying that the dissipation of the pH gradient upon inhibition of the V-ATPase is limited by the low intrinsic permeability to H ϩ . The effect of FCCP is saturable, reaching a maximal rate of alkalinization at Ն10 M (Fig. 4E) . Because the rheogenic flux induced by FCCP must be matched by an identical counterion flux to preserve electroneutrality, measurements of the rate of alkalinization can therefore be used to assign a lower limit to the counterion conductance. A maximum rate of alkalinization of 0.11 pH/min was calculated by linearizing the data by using the Eadie-Hofstee formulation (Fig.  4E Inset) . Considering the buffering power and surface area of sRBC phagosomes, we estimated the counterion current to be at least 13 ϫ 10 Ϫ3 pA/m 2 . At the high concentrations of protonophore used, ⌿ ⌽ can be assumed to approach the H ϩ reversal potential, which can be calculated from the determinations of intraphagosomal and cytosolic pH. Using this calculated ⌿ ⌽ , we estimate the counterion conductance to be 0.089-0.11 pS/m 2 . The current carried by this conductance greatly exceeds the current generated by the V-ATPase in the steady state (3.1 ϫ 10 Ϫ3 pA/m 2 ), indicating that pumping is not limited by the counterion permeability.
The latter conclusion is consistent with observations made using valinomycin, a conductive K ϩ ionophore. Addition of valinomycin to phagosomes that had reached a steady-state pH did not promote further acidification, even when the lumen contained a high [K ϩ ] because of the presence of K ϩ -rich solution during phagocytosis. Moreover, the rate of dissipation of the pH gradient after inhibition of the V-ATPase was similarly unaffected by valinomycin (not shown), confirming that the endogenous counterion conductance exceeds the H ϩ leak permeability and that the latter limits the rate of pH change.
Based on the preceding observations, we propose the following model to account for the acquisition and maintenance of the steady-sate phagosomal pH. Shortly after closure, phagosomes acidify rapidly because the V-ATPase operates unhindered and the back-leak of H ϩ equivalents is minimal. The counterion conductance is plentiful so that, whereas a measurable voltage develops, it does not halt pumping because its contribution to the pmf is small compared with the energy of ATP hydrolysis (2.7 kJ/mol vs. 29 kJ/mol of H ϩ pumped). As the phagosomal lumen becomes acidic the pmf grows, progressively antagonizing the activity of the V-ATPase. An allosteric inhibition of the pump caused by the acidic luminal pH may also occur. In parallel, the magnitude of the passive H ϩ leakage increases, as the outward [H ϩ ] gradient grows. Eventually, the rates of pumping and leakage become identical, at which point a steady-state pH is attained. Note that at this stage the membrane potential is small, indicating that counterion conductance is not an important determinant of the maximal phagosomal acidification. This conclusion applies to normal macrophages, but not necessarily to cells with abnormally decreased counterion permeability, as in the case of CFTR mutants where the reduced anion conductance may limit proton pumping, as described recently by Di et al. (6) .
Lastly, we believe that the FRET-based assay introduced here to determine phagosomal membrane potential can be modified and extended to measure the membrane potential of other endomembrane compartments that have remained heretofore inaccessible by other approaches. Such measurements would improve our understanding of ion transport and pH homeostasis in both the secretory and endocytic pathways.
Materials and Methods
Reagents. sRBC and rabbit IgG against sRBC were purchased from MP Biomedicals (Solon, OH). DACCA succinimidyl ester, DiBAC 4 (5), fluorescein isothiocyanate (FITC), and nigericin were from Molecular Probes (Eugene, OR). All other reagents were from Sigma-Aldrich (St. Louis, MO), unless specified otherwise.
Cell Lines and Tissue Culture. RAW264.7 cells (ATCC number TIB-71) were obtained from the American Type Culture Collection (Rockville, MD) and grown at 37°C under 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% FBS (Wisent, St. Bruno, QC, Canada).
Particle Labeling and Characterization. sRBC labeling was carried out in PBS (pH 8.7) by incubating for 90 min while rotating at room temperature. To couple with DACCA, a 0.15% sRBC suspension was incubated with 25-50 g/ml of DACCA-SE; FITC labeling was performed by using a 6% sRBC suspension with 0.5 mg/ml FITC. Excitation and emission spectra of the DACCA-labeled sRBC (DACCA:sRBC) and DiBAC 4 (5) were acquired by using a F-2500 Fluorescence Spectrophotometer (Hitachi, Tokyo, Japan).
Live-Cell Imaging and FRET. Coverslips were mounted in a Leiden chamber maintained at 37°C on the stage of a Leica DM IRB microscope equipped with filter wheels (Sutter Instruments, Novato, CA) to independently alternate between different excitation and emission filters. Light from an EXFO X-Cite 120 lamp (Exfo Life Sciences Group, Mississauga, ON, Canada) was directed to the sample by using a dichroic mirror. Emitted light was captured by a Cascade II CCD camera (Photometrics, Tucson, AZ). The filter wheel and camera were under the control of Metamorph/Metafluor software (Molecular Devices, Downingtown, PA).
In FRET experiments, three fluorescent channels were serially acquired. The filter set configurations (listed as excitation/ dichroic/emission filters, all in nm Ϯ bandwidth) used in the FRET experiments were as follows: donor (DACCA) 417 Ϯ 60/425/470 Ϯ 40; acceptor [DiBAC 4 (5)] 543 Ϯ 22/565/640 Ϯ 25; and FRET 417 Ϯ 60/565/640 Ϯ 25. Corrected FRET (cFRET) was calculated by using the method of Youvan et al. (17) . The donor and acceptor bleed-through coefficients were determined by acquiring images with donor or acceptor alone, respectively, in independent experiments. All microscope parameters, including exposure times and camera gains, were kept constant across all experiments. Fluorescence intensity measurements were performed by using Volocity 3 software (Improvision, Inc., Lexington, MA). Images were background-subtracted before analysis. Phagocytosis Assays. Labeled or unlabeled sRBC were opsonized with rabbit anti-sRBC (20 g/ml) for 20 min at room temperature. To synchronize phagocytosis, opsonized sRBC were deposited onto RAW cells by centrifugation at 177 ϫ g for 1 min. The cells were then incubated for 5 min at 37°C to allow for particle internalization. Remaining uninternalized sRBC were hypotonically lysed by incubation in water for 20 s, followed by extensive washing. Phagosome maturation was allowed to proceed for 15 min before imaging, maintaining the cells at 37°C.
Phagosome Membrane Potential Measurements. Phagocytosis of DACCA:sRBC was initiated as described. Either 125 or 250 nM DiBAC 4 (5) was added to the bathing media and allowed to equilibrate for 7.5 min before imaging. Baseline images of the donor, acceptor and FRET channels were acquired for 10 min. The cells were then treated with concanamycin A (1 M), NH 4 Cl (10 mM), or both. After 3 min of incubation, images in the three channels were acquired for 7 min.
To determine the amount of DiBAC 4 (5) within the phagosome, free DACCA:sRBC were placed on a coverslip and imaged. Increasing amounts of DiBAC 4 (5) were added to the particles, and the amount of FRET imaged. In this way, a calibration curve relating cFRET to [DiBAC 4 (5)] was constructed, and the intraphagosomal [DiBAC 4 (5) ] determined. Calibration data were fit by using a logarithmic function (R 2 ϭ 0.991). ⌿ ⌽ was calculated as described in Results and Discussion.
Phagosome pH Measurements. Phagosomal pH was measured by ratiometric imaging as described (1) . Briefly, RAW cells with FITC:sRBC-containing phagosomes that had been allowed to mature for 15 min, were imaged by rapidly alternating between 485 Ϯ 20 nm and 438 Ϯ 24 nm excitation filters, while using a 505 nm dichroic and a 535 Ϯ 40 nm emission filter. After acquisition of experimental data, an in situ calibration was performed by sequentially bathing the cells in isotonic K ϩ solutions (145 mM KCl/10 mM glucose/1 mM MgCl 2 /1 mM CaCl 2 /20 mM of either Hepes or Mes) buffered to pH ranging from 4.5 to 7.0 and containing 1 M nigericin. Calibration curves were generated by plotting the fluorescence intensity ratio (490 nm/440 nm) vs. pH.
To determine the buffering power of sRBC-containing phagosomes, 1 mM or 2 mM NH 4 Cl in PBS was added to the medium, the change in pH was monitored, and the buffering power was calculated as described by Roos and Boron (16) .
Plasma Membrane Potential Determination. Plasma membrane potential was measured by using standard patch-clamp and fluorimetric protocols (see SI Fig. 6 ). 
